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Abstract: Polyamines (PAs) are molecules affecting several physiological characteristics in all living
organisms with cell protective effects, thereby impacting plant and human health. Here, we used
HPLC-DAD-ESI-MS to evaluate the content and composition of PAs in eight tomato genotypes over
their maturation period, and related the content and composition to other quality traits and possible
implications for plant and human health. The tomato genotype, maturity stage and their interactions,
significantly affected the content and composition of PAs. Two of the genotypes, "Huichol” and ‘Rio
Grande’ showed consistently lower levels of PAs than the other evaluated genotypes. The variation
in content and composition of PAs among genotypes was found to vary inconsistently over the
maturation period. Putrescine content in the different genotypes either did not vary significantly,
increased, or showed the lowest level in the middle of the maturation period, while spermidine
content decreased or did not show significant variation. The genotypes ‘HT36" and ‘HT25" showed
high levels of PAs during red and green maturity stages, respectively, and can thereby be seen as
suitable health promoting red and green candidate tomatoes. Depiction of variation of the PAs creates
opportunities for breeding and production of health promoting tomato as a food or food additive.

Keywords: putrescine; spermidine; spermine; ascorbic acid; titratable acidity; total soluble solids

1. Introduction

Polyamines (PAs) are low molecular weight aliphatic (non-aromatic), nitrogen rich, hy-
drocarbon molecules that form polymers containing one or more amino group (NHy) [1,2].
PAs are universally present in all living organisms, including all types of plants, and the
naturally abundant PAs (putrescine (Put), spermidine (Spd) and spermine (Spm)) are the
most common [3,4]. PAs are involved in functions such as cell growth, gene regulation, and
differentiation [5]. In plants, biosynthesis or catalysis of PAs have been related to growth,
flowering, and stress signaling [6]. During fruit development in tomato, transcripts of PAs
biosynthesis genes have been localized in fast growing tissues, and it has been suggested
that the seed is a site of intense PA synthesis [7]. Put is the precursor of Spd, which in turn is
the precursor of Spm [6]. Several studies have indicated the content of free and conjugated
PAs to increase at biotic and abiotic stress conditions [6,8], suggesting that PAs exert a
positive effect on the antioxidant system, resulting in a reduction in cellular damage by the
capturing of free reactive oxygen species (ROS) [8]. PAs interact with macromolecules, act
as osmolytes, and may play a role in biotic stress as regulators of gene expression [9].

In tomato plants, PAs play an active role during stress conditions, e.g., PAs content
(especially Spm) correlated negatively to the amount of ROS and damage tissue under
drought conditions [8]. Transgenic tomato plants have been used to verify the positive
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correlation of increased levels of PAs with the content of lycopene, vine life, and juice
quality [10]. PAs have also been shown to enhance shelf life in, e.g., apricot and tomato,
when externally applied, by suppressing ethylene production [11], thereby acting as a
senescence delay compound [10].

In humans, significant amounts of PAs are supplied by foods and absorbed in the
small intestine, while microbiota are considered to affect the content of PAs in the large
bowel [12]. At present, no daily intake recommendations of PAs are available, but it is well
known that the majority of Put and Spd consumed by humans originate from plant-based
products while Spm comes from animal-derived food [13].

Furthermore, PAs are suggested to have an impact on human health [3]. Potential
health effects from Put, Spd, and Spm as dietary sources have been investigated, although
such relationships require further elucidation. A negative association between dietary
polyamines and cardiovascular disease has been found [14]. Recent studies have shown
a cardio-protecting effect from supplementation with Spd, which has been explained by
its stimulation of mitochondrial respiration, autophagy and mitophagy [15]. In addition,
intake of PAs have been associated with inhibiting processes related to aging. Spd has
been found to increase the life span of multi-cellular organisms, such as nematodes, flies
and mice [16]. A study with increased intake of Spm and Spd in aged mice found reduced
levels of pro-inflammatory markers, age-associated DNA methylation, and mortality [17].
Further, in a 20 year study of a cohort of 829 human participants, spermidine showed the
strongest inverse relation with mortality among 146 nutrients investigated [18]. In contrast
to these positive effects, PAs have been suggested to have procarcinogenic properties in
cancer patients, since polyamine concentrations caused by enhanced biosynthesis have
been found in several cancers [16,18-21]. In cancer diagnosed patients, consumption of
PAs increased the risk of cancer cell proliferation [22,23] or increased the malignant cell
growth rate in established tumors [22]. The connection between PAs and cancer therapy
and treatments has resulted in an increased interest in understanding how the polyamine
metabolism can be of use in anticancer strategies [24]. However, for healthy individuals, a
recent review concluded that a consensus is being reached that polyamine intake does not
induce cancer [19]. Some investigations point to an inverse relationship between colorectal
cancer and polyamine intake, though this was not found in postmenopausal women with
BMIs above 25 [25,26]. Several publications analyze the pros and cons of promoting PAs
intake to increase longevity as well as prevention of new tumor formation in healthy
subjects [20,27,28].

Horticultural crops are a good general source of vitamins, minerals and fibers among
other compounds [28,29]. Many of these vegetables and fruits constitute substantial
sources of PAs [30-32]. The effect of biotic or abiotic stressors on PAs composition has
been addressed within the same species [33-35] or between spices [36-38]. However,
reports on literature of PAs composition during different maturation stages within the
same species are scarce. Tomato (Solanum lycopersicum spp.) is a major horticultural crop
cultivated across the world, both in open fields and in green-houses to satisfy the increasing
demand worldwide [39]. Tomato is highly appreciated by humans, consumed either as
fresh produce or as an ingredient [40], and it holds a relatively high content of nutrients, e.g.,
amino acids, vitamins and minerals [41]. A few previous studies have evaluated the content
of PAs in tomatoes, indicating that PAs [19], and specifically Spm [24], increase during early
maturation and thereafter decrease. The varying content of PAs over the maturation period
in tomato, together with the positive relationships reported for PAs impact on human
health [3], indicates opportunities to tailor nutritive tomatoes for improved public health.
Furthermore, genotype variation in the content of PAs has been shown [42], which might
also have an impact on the variation of content over the tomato maturation period. To our
knowledge, studies on interrelationships of PAs in various genotypes and over the full
maturation time in non-stressed plants are scarce.

Several studies have shown relationships between the content of PAs with the content
of ascorbic acid [36], as well as with lycopene content and ethylene production [43]. In-



Horticulturae 2021, 7, 300

30f15

creases in ethylene content is a physiological signal to promote fruit maturity in tomato [42].
A full comparison of PAs content and quality traits in tomatoes [44—46], such as firmness,
freshness, shape, ascorbic acid, total soluble solid contents, titratable acidity and color, and
effects of maturation has not been carried out. Based on the impact of tomato consumption
and opportunities to tailor nutrition and quality in tomato for different purposes, a better
understanding of variation in PAs over genotypes and maturation stages, and relation to
other quality traits, is of outmost importance.

Thus, the aim of the present study was to evaluate the effect of tomato genotype and
maturity stage on the content and composition of PAs in tomatoes. A second aim was
to compare levels and composition of PAs with levels of other quality traits in tomatoes.
Furthermore, the possible impact of PAs in various tomato genotypes at various maturity
stages as biomolecules affecting plant development and health, and their effect on human
health, is discussed.

2. Materials and Methods
2.1. Plant Material, Growing Conditions and Sampling

The tomato genotypes evaluated in the present study comprised four commercial
genotypes; ‘Lia’ (seed producer; Hazera—Seeds of growth), ‘Shanty’ (Hazera—Seeds of
growth), ‘Huichol” (Seminis), and ‘Rio Grande’ (reproduced from the Bolivian National
Center of Horticultural Seed Production CNPSH), and four genotypes developed by
CNPSH; ‘HT23’, ‘HT25’, ‘HT36’, "HT37’. The four commercial genotypes were selected as
they are the preferred genotypes chosen by Bolivian tomato growers, recognizing them as
holding favorable traits, e.g., size, elongated shape, diseases resistance, and suitability for
local production conditions or market demand. The HT genotypes are advanced lines of
which ‘HT23’ and ‘HT25" meet the quality standards required from Bolivian growers, and
‘HT36’ and "HT37” have a higher yield than the other genotypes in the present study. A
total of thirty seeds from each genotype were germinated and thereafter five healthy plants
were selected from each genotype for further cultivation to sample 3—4 replicates at each of
six maturity stages. The plants were cultivated separately in 7.5 L pots in a greenhouse
at £24 °C/19 °C day/night temperature, 16/8 h (light/dark conditions) and 60% RH. A
combination of natural light and HPS lamps with 100 to 150 pmol/m? /s were used, and
plants were fertigated and irrigated using an automatic daily ferti-irrigation system.

Tomatoes of each genotype were sampled at different maturity stages; green (g),
breaker (), turning (f), pink (p), light red (Ir), and red (r) (Figure S1), based on the visual
aid TM-L1 developed by the U.S. Department of Agriculture (USDA) [47]. A total of three
to four tomatoes were sampled from each genotype at each maturity stage, and these were
evaluated for their shape, fresh weight, and firmness immediately after harvest. The shape
was determined according to IPGRI and OPOV [48]. Then, the tomatoes were chopped
and for each genotype the tomatoes were divided into four equal portions. One portion
was used immediately to process samples to analyze ascorbic acid and another portion
was stored at —20 °C and was later used for the analyses of pH, color, titratable acidity (Ta),
and total soluble solids (Tss). The remaining portions were stored at —80 °C for further
analysis of PAs.

2.2. Reagents

Putrescine (Put; ref no 51799-100MG) was purchased from Sigma-Aldrich (St. Louis,
MO, USA). Spermidine trihydrochloride was brought from Thermo Fisher Acreos Organic
(NJ USA). Spermine tetrahydrochloride was purchased from ICN Biomedics inc (Morrow,
OH, USA). Dansyl chloride and 1,7-diaminoheptane were purchased from ThermoFisher
(Schnelldorf, BY, Germany). Acetonitrile for HPLC LC-MS grade, L(+)-ascorbic acid,
sodium bicarbonate (NaHCO3), and dithiothreitol were bought from VWR Chemicals
(Leuven, VLG, Belgium, Radnor, PA, USA, and Lutterworth, Leics, England). Ammonium
acetate, ethyl acetate 99.8%, hydrochloric acid, methanol, meta-phosphoric and sodium
hydroxide were provided from Merck (Darmstadt, HE, Germany). Sodium carbonate was
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obtained from PanReac Applichem (Darmstadt, HE, Germany). Dipotassium hydrogen
phosphate, and potassium dihydrogen phosphate were brought from Duchefa (Haarlem,
NH, The Netherlands).

2.3. Fruit Weight and Firmness

Each fresh tomato fruit was separately weighed on a digital balance and the firmness
was measured by a fruit pressure tester (FT 327, Effegi, Italy). Then, the average fresh
weight and the average firmness of the three to four tomatoes from each genotype and
maturity stage were calculated.

2.4. Ascorbic Acid (Aa) Analysis

The Aa is one of the most well studied compounds in most fruits and vegetables,
including tomatoes, and the content is known to correlate negatively with maturation
in tomato [23], which justifies the analysis of its content in the present study. Here, the
Aa content of the tomatoes was analyzed according to Bergquist et al. [49] with some
modifications. Thus, extraction was carried out in a dim green light dark room. A total
of 5 g of chopped tomatoes and 25 mL of 1.5% meta-phosphoric acid were added to a
50 mL brown conical flask. Samples were homogenized for 60 s using an Ultra-turrax
IKA TP 18/10 (Werke GmbH & Co. KG Staufen, Germany), and thereafter they were
kept cold (4 °C) and dark for 60 min before centrifugation (Eppendorf 5427 R; Hamburg,
Germany) at 12,900 x ¢ for 10 min. Then, 1.7 mL of the supernatant aliquot of each sample
was stored at —80 °C until HPLC analysis. For the HPLC analysis, samples were thawed
and centrifuged, and an aliquot of 500 pL of the supernatant was mixed with 500 pL of
dithiothreitol (11 ug-uL) to reduce dehydroascorbic acid to ascorbic acid. The samples
were then centrifuged at 8944 x g for 2 min at room temperature, and placed in amber vials.
Aa stock solution (50 png-mL) was treated the same way as the samples. HPLC analyses
were carried out using an Agilent Technologies 1260 Infinity HPLC system (CA, USA).
Vials were placed in a thermostated autosampler and an aliquot of 10 uL was injected on a
Phenomenex (Torrence, CA, USA) Synergi Polar-RP 80 A, LC column (4.6 x 50 mm, 4 pm).
The eluent buffer consisted of methanol (4%) and KH,PO, solution (20 mM) at pH 2.3.
Standards and samples were run in an isocratic mode with a flow rate of 1 mL/min for
14 min and with a wavelength of 248 nm. The amount of ascorbic acid was quantified from
comparisons with the standard curve.

2.5. Color Measurement, Total Soluble Solids (Tss), pH, and Titratable Acidity (TA)

Skin pieces of tomatoes were thawed and color at each maturity stage was evaluated
as L* for value for lightness, Chroma for brightness, a* value, and b* value for red/green
color and yellow /blue color, respectively [50,51], with a Chromameter Apparatus Konica
Minolta CR-400 (Osaka, Japan). A representative sample of each tomato genotype at each
maturity stage was used to produce pure tomato juice, from which Tss was evaluated in four
replicated samples by a digital refractometer RFM80 (Wells, UK). Each juice sample was
then diluted with distilled water (1:4) for measurement of pH and Ta by a digital titrator
(Titroline Schott Instruments apparatus, Germany). For Ta measurements, a working
solution of 50 mM NaOH and endpoint of the reaction of pH 8.3 was used. The Tss/Ta
ratio is a comprehensive predictor of flavor [52] and this ratio was calculated by dividing
% Tss with % Ta [53].

2.6. Polyamines Analysis

In plants, the majority of polyamines are present in their free form [54]. This study
isolated and quantified free PAs, a combination of methods developed previously was
used [55-58] and with modifications as follows: standards of Put, Spd, and Spm were
prepared separately, by diluting each of them in millipore ultrapure water, storing them at
—20 °C, and thereafter mixing 25 uL of each diluted polyamine with 925 uL of a premixed
solution made of HCl (1 M) and the internal standard 1,7-diaminoheptane (30 ug/mL).
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Before and during analysis, the standard solution (100 ug/mL) was treated the same way
as the tomato samples extracted for polyamine analysis. Tomato samples of different
genotypes and maturity stages were lyophilized at —105 °C (CoolSafe TM SCANVAC)
until a steady weight was achieved. Lyophilized samples were homogenized to a powder
in an Ultra centrifugal mill (ZM 200 RETSCH GmBH; Haan, Germany) equipped with
trapezoid sieve holes of 0.5 mm pore size, at 2016 g. The powder was then kept at —80 °C
until polyamine extraction.

The extraction of free polyamines was carried out according to Buranaphalin [59]
with some modifications. Thus, 50 mg of a representative powder sample of each tomato
sample (genotype and maturity stages) was placed in a Eppendorf tube and thereafter
1000 pL of 1 M HCl and 30 pug-mL of 1,7-diaminoheptane (internal standard) was added.
Samples were homogenized with a vortex (Combi-spin FVL-2400, Biosan, Latvia) for 30 s
and ruptured by a sonication-shear bath (Bandelin Sonorex digitec DT 100 H, Bandelin,
Germany) for 5 min. Thereafter, a cold extraction was carried out using an incubation
period of 1 h followed by centrifugation at 4 °C for 10 min at 12,900x g (Eppendorf 5427 R
Hamburg, Germany).

Dansylation of the polyamines was performed as follows: In an aliquot of 200 uL of
supernatant from the hydrochloric extraction performed previously, 300 puL of saturated
NaHCO3, 100 uL of 2 M NaOH, and 600 uL of dansyl chloride (5 mM) were added. Treated
samples were then mixed thoroughly with a vortex for 30 s, thereafter heated for 45 min at
60 °C in a heating bath with circulator (MS/2 Lauda, Konigshofen, Germany), and then
placed immediately in cold conditions until the liquid-liquid extraction was carried out.

Liquid-liquid extraction (LLE) was performed by adding 500 uL of pure ethylacetate
to the dansylated sample, followed by homogenization with a vortex for 30 s and centrifu-
gation for 1 min at room temperature. Thereafter, the supernatant was transferred to a new
2 mL Eppendorf tube. The same procedure was repeated twice on the same sample, and
the two additional supernatants were pooled to the first one in the same Eppendorf tube.
The pooled samples were evaporated using a water bath evaporator (TurboVap LV Biotage
Charlotte, USA). The dry samples were thereafter resolved in 100 pL of pure acetonitrile,
the samples were homogenized in a vortex for 30 s and centrifuged for 5 min at 12,900 g
at room temperature. An aliquot of each sample was transferred to an amber vial for
HPLC-DAD-MS analysis.

An HPLC-DAD-MS 1260 infinity system from Agilent Technologies (CA, USA) equipped
with a diode array detector (DAD) G4212, and a single Quadrupole 6120 b run at 100 °C,
equipped with an electrospray ion source with drying gas Nj (12 L-min) at a gas tempera-
ture of 300 °C, and nebulizer 30 psig run in positive mode, was used for the analyses. The
PAs were separated using a reverse-phase column 2.1 x 50 mm, 1.8 um Agilent Zorbax SP
(Santa Clara, USA) operated at 40 °C with an injection volume of 10 puL per sample.

The mobile phase used consisted of Eluent A: ammonium acetate 100 mM and Eluent
B: pure acetonitrile, with the gradient as follows: 0-13 min 80-14% A, 13-14 min 14-80%
A, 14-17 min 80% A, and a constant flow rate of 500 uL/min. HPLC-DAD-MS analysis:
DAD was carried out using a wavelength of 221 nm+ 4 nm for quantification of dansylated
PAs. MS was run in SIM mode (M + H)*. Identification of PAs was as follows: Put:
556.60, internal standard (Is): 597.80, Spd: 846.90, and Spm: 1138.30 in all samples. For data
acquisition, the Chemstation software (B04.03-SP1, Ver87, Agilent Technologies, Waldbronn,
Germany) was used. Table S1 shows the mass calculation used for Put, Spd and Spm bound
to dansyl chloride. Total polyamines (Tpa) was calculated as the sum of Put, Spd, and
Spm. A chromatogram of the standards (Figure S2a) and a representative chromatogram
(Figure S2b) of the analyzed tomato samples is included as Figure S2.

2.7. Statistical Analysis

Statistical analysis was performed using R 3.5.2 with the packages, emmeans, factoex-
tra, and ggplot2. Data were evaluated with the Shapiro normality test before statistical
analysis. All study sample data were subject to analysis of variance (ANOVA) in a general
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linear model including the factor genotypes, maturity stages, and interaction between
genotype and maturity stage. Factors were considered statistically significant if p < 0.01.
Differences between means were evaluated using Tukey posthoc test with a significance
level of 0.05. Principal component analysis (PCA) was used to find relationships between
PAs and conventional quality parameters in different genotypes, and at different stages.

3. Results and Discussion

The eight genotypes evaluated showed significant differences in type, form and color,
as visualized in Figure 1.

HT37 LIA SHANTY HT25 HT36

DeseC

“JER

Figure 1. Tomato fruits of eight genotypes (From left to right: “Huichol’, ‘Rio Grande’ (RG), ‘HT23’, "HT37’, ‘Lia’, ‘Shanty’,
"HT25 and ‘HT36’) at three maturity stages (green, turning and red).

The ANOVA analysis (Table S2) showed a significant impact of tomato genotype, ma-
turity stages, and their interactions on practically all analyzed parameters. Thus, although
studies on genotypic and environmental effects on content and composition of PAs in toma-
toes are scarce, our results correspond with those of other studies on other components
and other crops [60-66]. Genotype differences are known to have an impact on a large
number of quality parameters and components in almost any crop [60,61]. The level of the
impact from the genotype is related to the type of quality characteristic evaluated and how
broad a genetic variation is included in the selection of the plant material analyzed [62].
Additionally, the maturity stage has been verified as having a high impact on a range
of quality parameters in a vast array of crops [63,64]. Furthermore, interactions between
genotype and maturation stages are commonly seen in other studies [65,66].

Principal component analyses (PCA) revealed differentiation of components related to
maturity along the first principal component axes (PCl—explaining 34% of the variation).
Chroma, a* and b* values, total soluble solids (75s) and titratable acidity (Ta) were all
found with positive PC1 values and all of these components are known from previous
studies with a positive correlation to maturity in tomatoes [67-70]. Furthermore, firmness
and L* values, found with negative PC1 values, are known to correlate negatively with
maturity in tomatoes [67,71]. Both the total polyamines content (Tpa) and amount of the
different polyamines (putrescine (Put), spermidine (Spd) and spermine (Spm)) were found
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to have positive values for the second principal component (PC2—explaining 20.3% of the
variation), indicating variation in PC2 to be in principal determined by the PAs content
and composition. However, values of PC1 were positive for Tpa and Put while negative
for Spd and Spm. Thus, maturity of the tomatoes might influence the content of PAs, with
tomato maturity being positively correlated with Tpa and Put and negatively correlated
with Spm and Spd. The relationships between PAs and tomato maturity indicated by our
PCA correspond well with previous results in transgenic tomatoes, where increased levels
of Spd in the fruits delayed maturity [72].

The PCA loading plot (Figures 2B and S3) further verified the differentiation of tomato
maturity along the PC1, with green and break stages of the tomatoes having negative PC1
values; turning and pink stages with neutral and light red and red stages with positive
PC1 values. Thus, a comparison of the score and loading plot results in high levels of
firmness and L* values in green and break stages of tomatoes and high Chroma, a* and
b* values, Tss and Ta in light red and red stages of tomatoes, which also verifies previous
results [45,69,73]. The genotypes in the present study showed a differentiation along
the PC2 direction, indicating differences in the content of PAs (compare Figure 2B with
Figure 2A), with high levels in the genotype ‘HT37’ through all maturation stages. Studies
on PAs content and composition in tomatoes of different maturation stages are rare and
mostly reported over a narrow range of tomatoes [36,72,74], although genotype variation
has been reported in some studies on mature tomatoes [75-77]. The tomatoes evaluated in
the present study generally showed high levels of polyamines, especially of Put and Spd,
as compared to values reported in most other studies (Table S3). However, as genotype,
cultivation conditions as well as experimental conditions are known to effect the content of
PAs reported in tomatoes, such factors may also impact on the differences from various
studies reported here.

Previous studies [74], have indicated a role of PAs for the determination of the fruit
architecture, i.e., expression of yeast spermidine synthase (Spds) under tomato maturation,
resulted in increased levels of obovoid fruits. In this study, tomato genotypes of various
shapes and with different content and composition of PAs were included, although the
limited number of genotypes of various shapes hindered a more thorough comparison of
such relationships.

Comparison of mean values showed the effect of tomato genotype and maturation
period on the content and composition of Tpa, Put, Spd and Spm (Figure 3 and Table S4).
Thus, a y low level of Tpa, Put and Spd were found in genotypes such as ‘Huichol” and ‘Rio
Grande’, while a generally higher amount was found in the other evaluated genotypes.
Changes in PAs over the maturation time varied inconsistently for the different genotypes
evaluated here (Figure 3A). The content of Put was either showing no significant differences
in the tomatoes along the maturation period or showing a significant increase over the
maturation period, e.g., in ‘Huichol’, ‘Rio Grande” and ‘HT36’ to a final content of 155, 133
and 1855 nug/g/DW, respectively (Figure 3B). Indications of a decrease in Put content in
the middle of the maturation time was also found in ‘Lia’ and ‘Shanty’ with high values at
the g and r stages (Figure 3B). The content of Spd showed either no significant variation
over the maturation period or a significant decrease over the maturation period, e.g., in
‘Huichol’, "HT23’, ‘Lia’, ‘Shanty” and ‘HT25" (Figure 3C). Spm showed either no variation or
a decrease ("HT23’, ‘Lia’, ‘Shanty” and “HT36’) over the maturation period. Thus, for Tpa
over the maturation period, the different changes found in the individual polyamines led
to no significant changes (‘Huichol’, ‘Rio Grande’, "HT23’, and ‘HT37’), a decrease in the
middle of the maturation period (‘Lia’), or increases (‘HT36") and decreases (‘Shanty” and
"HT25’) over the maturation period (Figure 3 and Table S4).
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Figure 2. Score (A) and loading (B) plots generated from PCA on all and mean values, respectively, of quality traits (Chroma

(brightness), a* value (redness), b* value (blueness), L* value (lightness), TSS (total soluble sugar), Tu (titratable acidity),
TSS/Ta (total soluble sugar and titratable acidity ratio), Aa (ascorbic acid), Firmness, pH and Weight) and polyamines
contents (Tpa (total content of polyamines), Put (putrescine), Spd (spermidine), Spm (spermine)) of eight genotypes "Huichol’,
‘Rio Grande (RG)’, ‘HT23’, ‘HT37’, ‘Lia’, ‘Shanty’, 'HT25’, and ‘HT36’ (marked with different colors) at six maturity stages
(marked with different symbols). Loading plot on data from each tomato evaluated are shown in Figure S3.
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Figure 3. Content of Tpa (total polyamines (A)), Put (putrescine (B)), Spd (spermidine (C)) and Spm (spermine (D)) in ug/g
dW of eight tomato genotypes (‘Huichol’, ‘Rio Grande’” (RG), ‘HT23’, "HT37’, ‘Lia’, ‘Shanty’, "HT25" and ‘HT36’) at six
maturity stages (green, break, turning, pink, light red and red). Values are the average of three to four samples. Bars indicate
standard deviations. Letters above the staples that differ indicate significant differences (p < 0.05 using Tukey post hoc test)
between tomatoes of different maturity stages within the same genotype. A comparison of statistical differences among
mean values of all genotypes and stages is shown in Table S4.

A possible developmental inter-relationship between PAs and ethylene has frequently
been discussed as they share a common substrate, S-adenosylmethionine (SAM), for their
biosynthesis. The possible competition for the substrate SAM, as well as their suggested
potential opposite functions as pro-senescence/pro-ripening for ethylene and pro-growth
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for PAs, make these compounds interesting in relation to understanding fruit ripening
and senescence processes [78]. Early studies indicated that polyamines inhibit ethylene
biosynthesis in a variety of fruit tissues [79,80], though later investigations further con-
cluded that the effects of PAs are also dependent on the developmental stage, which part
of a plant that investigated and PAs concentrations [78]. It has been suggested that the
SAM levels might not be generally rate limiting for the biosynthesis of PAs and ethylene,
and their interrelationship rather is developmentally regulated in a tissue- and cell-specific
manner [78]. In addition, the different PAs have been suggested to have different functions.
The levels of Put are suggested to increase during conditions of low activity, while Spd
and Spm act as ripening and growth stimulators, and the ratio Spd/Put could to some
extent control ripening, senescence, and quality in climacteric fruits [81]. Further, Put
has been indicated to act as a negative regulator while Spd—Spm are positive regulators
of cellular amino acid metabolism [82]. In tomato, PAs have been found to influence the
expression of genes related to ethylene synthesis, while 1-aminocyclopropane-l-carboxylic
acid synthase (ACC) expression was repressed after the exogenous application of PAs [83].
In this study, the decrease in the concentrations of Spd with advancing tomato ripening in
five of the cultivars and in Spm in four of the cultivars could be in accordance with these
compounds acting as stimulators of growth and ripening. Previous investigations reported
that the ethylene concentration peaked at the pink stage of the tomato [84], which in this
investigation in some of the cultivars coincided with a drop in the concentration of Spm.
In the later ripening stage in tomato, senescence-related genes are activated [85], and the
onset of senescence processes could in this investigation be indicated by the lower levels of
Spd and Spm in some cultivars, leading to downregulated amino acid metabolism.

Previous studies have reported similar variations in PAs effect of tomato genotype
and maturation to the present study. Thus, a steady content of Put during all maturity
stages was reported for Lycopersicum esculentum c.v. Indalo [86]. Another study on cherry
tomato cv ‘Chiou’, reported a constant decrease of Put from g to b stage followed by a
constant increase from b to r stage [7]. Decreasing levels of Spd over the maturation time
has previously been reported [86]. Most previous studies that have evaluated changes in
PAs over the tomato maturation time have focused on only one genotype meaning that the
genotypic variation in PAs over maturation time, as the present study is depicting, has not
previously been reported.

For the plant, PAs content and composition is reported to effect a range of cellular
functions, impacting characteristics such as plant development and response to stresses
and extreme environments, plant longevity, content of lycopene, physiological memory,
and carbon/nitrogen allocation and signaling [3]. The present study clearly showed
differences in the content of PAs between different tomato genotypes and also in patterns
of accumulation over the tomato maturation period. Based on the knowledge from the
literature, that transgenic tobacco, rice and tomato plants with high accumulation of PAs all
showed increased tolerance to a range of stresses including salt and heat [87,88], indicate a
possibility that the high PAs content genotypes (all except ‘Huichol” and ‘Rio Grande’) in the
present study may have higher tolerance to stresses than low PAs genotypes (‘Huichol” and
‘Rio Grande’). However, the present study did not evaluate such relationships, although
such relationships might be of relevance in the development of stress tolerant tomatoes.
Furthermore, studies on transgenic Arabidopsis, pear and potato with overexpression of
Spd have shown a positive correlation with tolerance to stresses [88-92]. In the present
study, the genotype variation in Spd followed the same pattern as Tpa. An interesting
feature is that both Spd and Tpa changed in the tomatoes during the maturation period,
and the impact of these differences needs to be further elaborated on when it comes to
relationships to cellular functions. Previous studies have indicated that PAs metabolism
can be upregulated, downregulated, or moderately expressed, and affect other quality
traits depending on the particular maturity stage, genotypes, or even fruit type [93].

Due to the fact that the contents of PAs are known to be effected by external factors
and stressors, such environmental conditions can be used to increase or decrease the
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content of PAs in tomatoes. In the present study, all genotypes were grown under the same
experimental conditions in a well-controlled environment, providing the same amount
of nutrient solutions, light regime, humidity, and temperature. Thus, the environmental
conditions are expected to have had a limited effect on the outcomes of the present study.
However, environmental conditions can be used to interplay with genetic and maturation
parameters to produce tomatoes with certain levels of specific PAs. The present study does,
however, show the need for a thorough study into such relationships due to the fact that
the different tomato genotypes reacted differently during the maturation period.

The variation in PAs content and composition in various tomato genotypes and over
maturation time, depicted in the present study, is also of relevance when it comes to the
effects of tomato consumption on human health. A number of studies have indicated
positive effects of intake of food with a sufficient amount and composition of PAs, as
reviewed by Handa et al. [3]. PAs have been shown to positively affect physiological
processes connected to normal growth, cardio protection, aging, oxidative stress and loss
of memory, as well as a negative correlation with diseases such as cancer, Alzheimer’s
disease and Parkinson’s disease, has been reported [24,94-98]. Based on the many positive
health perspectives gained rom the intake of PAs, nutritionally high value PAs tomatoes
might in the future be of potential interest, either as health food or as food additives.
The present study shows the genotype ‘HT36’ to be an interesting candidate as a health
promoting red tomato, while “HT25’ is interesting as a health promoting green tomato,
and ‘Lia” shows high and stable Spd levels throughout the maturation period. However,
to be able to declare a tomato health promoting based on PAs content and composition,
additional studies are needed, not least connecting animal /human models with knowledge
on tomato genotypes and maturation. Furthermore, the procarcinogenic properties of PAs
in cancer patients [16-21] have to be further studied to secure a positive and not a negative
effect from the intake of certain tomato genotypes rich in PAs.

4. Conclusions

Content and composition of PAs vary significantly among tomato genotypes. Thus,
high content genotypes of both Tpa and of the different types of PAs can be differentiated
and used for breeding and production of health promoting tomatoes for direct consumption
or for use as food additives. Variation over the maturation period, both in Tpa content and
in content of specific PAs, was inconsistent among genotypes, and needs to be characterized
separately for every genotype. However, this variation creates opportunities to select and
produce both health promoting green and red tomatoes as well as those that are stable
over the entire production period. The found variation in tomato genotypes and over the
maturation period calls for extended studies to understand these implications for human
health. The fact that the PA content and composition vary over the tomato maturation
period and do so differently for different genotypes most likely affects the plant and fruit
development as well as physiological characteristics, including tolerance to stresses and
diseases. However, such relationships need further evaluation, as do the connections of
specific tomatoes at specific maturity stages on human health.
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Maturity Stages.; Figure S1: Representative samples showing the different maturation stages of
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